Introduction
============

Bronchial asthma is a chronic allergic disease characterized by airway inflammation and remodeling ([@b1-mmr-13-03-2415]). The chronic airway inflammation can induce several structural alterations of the airway, eventually leading to airway remodeling ([@b2-mmr-13-03-2415],[@b3-mmr-13-03-2415]). Remodeling is frequently observed in patients with refractory asthma, and can arise as a result of excessive repair or failure to resolve the inflammation ([@b4-mmr-13-03-2415]). Eventually, remodeling can contribute to airway high reactivity and progressive decline of lung function ([@b5-mmr-13-03-2415]).

Transforming growth factor-β (TGF-β) is the critical mediator in the regulation of airway inflammation and remodeling in asthma ([@b6-mmr-13-03-2415]). Increased TGF-β1 levels can be detected in asthmatic bronchoalveolar lavage fluids ([@b7-mmr-13-03-2415]), whilst increased levels of TGF-β1 in the asthmatic airway mucosa correlates with the thickness of the reticular basement membrane ([@b8-mmr-13-03-2415]). Downstream of TGF-β, connective tissue growth factor (CTGF) modulates the cellular response to TGF-β ([@b9-mmr-13-03-2415]). Furthermore, CTGF can upregulate the production of collagen type I and fibronectin in human lung fibroblasts ([@b10-mmr-13-03-2415]). In asthma, TGF-β upregulates the levels of CTGF in airway smooth muscle cells ([@b11-mmr-13-03-2415]). Thus, this pathway is important in the regulation of airway remodeling in asthma. Additionally, oxidative stress is of importance in airway inflammation, and determines the severity of asthma, whilst reduced antioxidant defense is also associated with asthma ([@b12-mmr-13-03-2415]). Oxidative stress increases in the lungs following antigen stimulation, and antioxidant administration has been demonstrated to attenuate the regeneration of reactive oxidative stress, and inflammation *in vivo* ([@b13-mmr-13-03-2415]).

Glucocorticoids are the current gold standard in treatment for asthma, however, their ability to modulate airway remodeling is limited ([@b14-mmr-13-03-2415]). The combination of glucocorticoids and bronchodilators is also unable to revert asthmatic features ([@b14-mmr-13-03-2415]), and results in significant adverse side-effects. Therefore, there is an urgent requirement for the identification of novel therapeutic agents for the treatment of asthma. Sinomenine (SIN) is an alkaloid that is isolated from the root and stem of the climbing plant *Sinomenium acutum* (chemical structure presented in [Fig. 1](#f1-mmr-13-03-2415){ref-type="fig"}), and demonstrates immunosuppressive, anti-inflammatory, anti-arrhythmic, analgesic and anti-arthritic properties ([@b15-mmr-13-03-2415],[@b16-mmr-13-03-2415]). SIN has been observed to significantly suppress the production of inflammatory mediators in rats ([@b17-mmr-13-03-2415]). However, the effects of SIN on asthma remain to be established. The aim of the present study was to evaluate the potential anti-inflammatory, anti-airway remodeling and antioxidant effects of SIN in an asthma animal model.

Materials and methods
=====================

Animals
-------

A total of 60 female BALB/c mice aged 6--8 weeks (18--22 g) were purchased from the animal medical center of Lanzhou University (Lanzhou, China). All animals received humane care and were maintained with a 12 h light/dark cycle in a temperature-controlled room (21--23°C), with free access to food and water. All procedures described in the present study were approved by the internal ethical committee of the First Hospital of Lanzhou University (LDYYLL2014-0058).

Experimental asthma models and intervention
-------------------------------------------

Mice were divided randomly into six groups (ten animals per group): i) Blank control group; ii) asthma model; iii) asthma treated with dexamethasone (DEX; 2 mg/kg; Lianshui Pharmaceutical Co., Ltd., Jiangsu, China); iv) asthma model with low-dose SIN (25 mg/kg; Zelang Medical Technology Co., Ltd. Nanjing, China); v) asthma treated with moderate-dose SIN (50 mg/kg); and vi) asthma treated with high-dose SIN (75 mg/kg). DEX and SIN were administered by gavage.

Asthma was induced by ovalbumin (OVA; Sigma-Aldrich, St. Louis, MO, USA) using a previously described method ([@b18-mmr-13-03-2415]). Animals were immunized by intraperitoneal injection (i.p.) of 20 *µ*g OVA in the presence of 2 mg of Al(OH)~3~ adjuvant (Pierce Biotechnology, Inc., Rockford, IL, USA) diluted in 0.2 ml saline solution on days 0, 7 and 14. Mice were exposed to 2.5% (w/v) OVA solution in phosphate-buffered saline (PBS) for 30 min, using an pump nebulizer (Pari TurboBoy N; Pari GmbH, Starnberg, Germany) on days 21--28 subsequent to initial sensitization. Subsequently, mice were exposed to aerosolized 2.5% OVA for 30 min, once every 2 days, from days 29--70. DEX and SIN were administered for 1 h prior to the OVA inhalation. Control mice received the adjuvant (i.p.) and were exposed to nebulized aerosol of 0.9% NaCl (Gansu Fuzheng Pharmaceutical Technology Co., Ltd., Lanzhou, China) at the same time points. Mice were sacrificed via cervical dislocation at 24 h subsequent to the final challenge.

Histochemical analyses
----------------------

The left lobe of the lung (which was fixed in 10% formalin (Shanghai Jianxin Chemical Co., Ltd., Shanghai, China) and embedded in paraffin (Shanghai Yongye Biological Technology Co., Ltd., Shanghai, China) was cut into 3-*µ*m sections using a Leica RM 2135 microtome (Leica Microsystems GmbH, Wetzlar, Germany) for histological and immunohistochemical analysis. The remainder of the lung was triturated using a mortar and pestle for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and oxidative stress detection.

The sections were stained with hematoxylin and eosin (HE) in order to observe the infiltration of cells. The degree of inflammatory cell infiltration was determined using the established scoring system ([@b19-mmr-13-03-2415]). The point-counting technique was used to evaluate levels of eosinophil ([@b20-mmr-13-03-2415]). To determine the eosinophils/unit area (mm^2^) ([@b21-mmr-13-03-2415]), the number of points of the integrating eyepiece falling on areas of peribronchiolar inflammation in three areas of each airway wall and the number of eosinophils in the same area were counted using a Olympus DP71 microscope (Olympus Corporation, Tokyo, Japan). Goblet cells and mucus expression were determined by staining the sections with periodic acid Schiff\'s reagent (PAS). PAS-positive cells were counted as goblet cells in four airways from one section. The degree of mucus plugging of the airways (0.5--0.8 mm in diameter) was classified by a semiquantitative system ([@b22-mmr-13-03-2415]). Airway smooth muscle thickness was determined in HE-stained lung sections using MetaMorph 6.1 image software (Universal Imaging Corporation, West Chester, PA, USA) by measuring the thickness of the smooth muscle cell layer per micrometer perimeter of basement membrane (Wam/Pbm). Masson\'s trichrome (Sigma-Aldrich) was used to evaluate collagen deposition by analyzing the positive area per micrometer perimeter of basement membrane (Wac/Pbm) by MetaMorph 6.1 image software (Universal Imaging Corporation) ([@b23-mmr-13-03-2415]).

RT-qPCR
-------

Total RNA was prepared using the RNAiso Plus reagent (Takara Bio, Inc., Otsu, Japan) according to the manufacturer\'s instructions. RNA (2 *µ*g per sample) was reverse-transcribed into cDNA using PrimeScript™ Reverse Transcriptase (Takara Bio, Inc.). qPCR was performed with a Rotor-gene 6000 Thermal Cycler (Corbett Research Australia, Mortlake, Australia) and the SYBR Premix Ex Taq II kit (Takara Bio, Inc.) in accordance with the manufacturer\'s protocol. The sequences for the primers were as follows: TGF-β1, F 5′-GTGTGGAGCAACATGTGGAACTCTA-3′ and R 5′-TTGGTTCAGCCACTGCCGTA-3′; CTGF, F 5′-CCTGTGCCTGCCATTA-3′ and R 5′-TTCCTCCCACGGTAGTT-3′; β-actin, F 5′-CATCCGTAAAGACCTCTATGCCAAC-3′ and R 5′-ATGGAGCCACCGATCCACA-3′. Gene expression was normalized to β-actin. The experiments were repeated twice. Data are expressed as the fold increase in RNA expression compared with control animals.

Immunohistochemistry (IHC)
--------------------------

TGF-β1 and CTGF-induced protein expression was determined by immunohistochemical staining with a Strept Actividin-Biotin Complex kit (Zhongshan Biological Technology, Beijing, China). IHC was performed using the specific rabbit polyclonal anti-TGF-β1 (sc-146) and anti-CTGF immunoglobulin G (sc-25440) antibodies (1:150; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Images were obtained using a Leica DM1000 optical microscope (Leica Microsystems GmbH) and were analyzed using Image-Pro Plus software, version 6.0 (Media Cybernetics, Inc., Silver Spring, MD, USA). Five unduplicated fields were selected in one slide.

Measurement of the levels of oxidative stress
---------------------------------------------

Subsequent to thawing, the lung tissues were weighed and homogenized in ice-cold PBS (20 mM, pH 7.4, w/v=1:9) using a glass homogenizer on ice. The homogenate was centrifuged at 3,000 × g for 20 min at 4°C. The obtained supernatant was used for measurement of the total antioxidant capacity (TAC), malondialdehyde (MDA) content and myeloperoxidase (MPO) activities. Detection of TAC, MDA and MPO were measured using commercially available assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer\'s protocol.

Statistical analysis
--------------------

SPSS software, version 19.0 (IBM SPSS, Armonk, NY, USA) was used for the statistical analysis. All data are expressed as the mean ± standard deviation. The measurements were subjected to one-way analysis of variance. Differences between experimental groups were determined by Fisher\'s least significant differences post-hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

SIN reduced airway inflammation and remodeling
----------------------------------------------

Compared with the control, the OVA asthma group presented significantly increased airway eosinophil infiltration (P\<0.01; [Fig. 2A](#f2-mmr-13-03-2415){ref-type="fig"}). DEX and SIN treatment reduced the number of eosinophils in sensitized animals compared with the model group (P\<0.01), and the inhibitory effects of SIN (25, 50 and 75 mg/kg) were not as effective as DEX treatment ([Fig. 2A](#f2-mmr-13-03-2415){ref-type="fig"}). The OVA challenge resulted in an increase in the number of goblet cells. While compared with the control (P\<0.01), therapeutic administration of DEX and SIN significantly reduced the number of goblet cells compared with model mice ([Fig. 2B](#f2-mmr-13-03-2415){ref-type="fig"}). Additionally, OVA challenge led to an increase in the peribronchial and perivascular inflammatory cell infiltration score, compared with that of the blank control. DEX and various doses of SIN significantly reduced inflammation score. (P\<0.05 compared with model) Compared to the DEX group, the inflammation scores were higher in the low-dose SIN group (25 mg/kg), however, no significant differences between moderate (50 mg/kg) and high-dose (75 mg/kg) SIN, and the DEX group were identified ([Fig. 2C](#f2-mmr-13-03-2415){ref-type="fig"}). A marked increase in airway mucus secretion was observed in OVA-treated mice compared with the control animals. The DEX treatment group displayed airway occlusion mucus scores which were significantly lower than those of the model mice. However, the SIN (25, 50 and 75 mg/kg) groups demonstrated no alterations in mucus secretion compared with the model group ([Fig. 2D](#f2-mmr-13-03-2415){ref-type="fig"}).

The OVA-challenged mice presented with a thicker smooth muscle layer compared with the control group subsequent to correction for the airway basement perimeter. DEX and SIN (25, 75 mg/kg) were effective in reducing myocyte hyperplasia ([Fig. 3A](#f3-mmr-13-03-2415){ref-type="fig"}). OVA challenge led to an increase in collagen deposition compared with control mice, whilst DEX and SIN (50 mg/kg) inhibited this collagen deposition ([Fig. 3B](#f3-mmr-13-03-2415){ref-type="fig"}).

SIN modulated the TGF-β1 pathway
--------------------------------

As demonstrated in [Fig. 4](#f4-mmr-13-03-2415){ref-type="fig"}, following the OVA-challenge, TGF-β1 and CTGF mRNA expression was observed to be significantly increased compared with the blank control group (P\<0.01). TGF-β1 and CTGF mRNA expression levels in the SIN (50 and 75 mg/kg) and DEX groups was significantly reduced compared with those in the OVA group (P\<0.05). No significant differences in TGF-β1 and CTGF mRNA expression between mice treated with SIN (50 and 75 mg/kg), and DEX were identified ([Fig. 4](#f4-mmr-13-03-2415){ref-type="fig"}).

The immunostained areas of peribronchial TGF-β1 and CTGF in the OVA group were greater than those in the control group ([Figs. 5](#f5-mmr-13-03-2415){ref-type="fig"} and [6](#f6-mmr-13-03-2415){ref-type="fig"}). Administration of SIN (50 and 75 mg/kg) and DEX in OVA-challenged mice reduced the immunostained area of TGF-β1 and CTGF compared with the OVA group. There were no differences in TGF-β1 and CTGF expression levels between mice treated with SIN (50 and 75 mg/kg) and DEX ([Figs. 5](#f5-mmr-13-03-2415){ref-type="fig"} and [6](#f6-mmr-13-03-2415){ref-type="fig"}).

SIN attenuated pulmonary oxidative stress
-----------------------------------------

The model group presented lower TAC compared with the blank control group (P\<0.01; [Fig. 7A](#f7-mmr-13-03-2415){ref-type="fig"}). TAC was increased significantly in the SIN (50 and 75 mg/kg) and DEX groups, compared with the model group ([Fig. 7A](#f7-mmr-13-03-2415){ref-type="fig"}). The concentration of lung MDA increased in the model group compared with the blank control. (P\<0.01; [Fig. 7B](#f7-mmr-13-03-2415){ref-type="fig"}) However, the increase was significantly attenuated in the DEX and SIN (50 and 75 mg/kg) treatment groups (P\<0.01; [Fig. 7B](#f7-mmr-13-03-2415){ref-type="fig"}). Lung MPO activity was increased in the model group compared with the blank control group, and reduced in the SIN (50 and 75 mg/kg) and DEX treatment groups compared with the model group ([Fig. 7C](#f7-mmr-13-03-2415){ref-type="fig"}).

Discussion
==========

The present study investigated the effects of SIN on airway inflammation and remodeling in a mouse model of asthma. The principle observation of the current study was that SIN was able to inhibit airway inflammation and remodeling in an asthma mouse model, however, there remains a limited amount of data regarding the treatment of human patients. The results of the present study do however demonstrate that SIN is able to reduce airway inflammation and remodeling, perhaps by modulation of TGF-β1 pathways and pulmonary oxidative stress. Thus, SIN treatment may have the potential to treat asthma.

Allergic asthma is characterized by allergen-induced airway bronchoconstriction, inflammation involving eosinophils and mucus hypersecretion and airway remodeling ([@b24-mmr-13-03-2415]). Infiltrating inflammatory cells entering the lung strongly contribute to the development of allergic airway inflammation and remodeling ([@b25-mmr-13-03-2415]). SIN, which is an alkaloid and a morphinan derivative, has anti-inflammatory, antiarrhythmic, antirheumatic, analgesic and immunosuppressive properties ([@b16-mmr-13-03-2415],[@b26-mmr-13-03-2415],[@b27-mmr-13-03-2415]). However, the effects of SIN on airway inflammation and remodeling remain unclear. Although SIN is known to trigger release of histamine, none of the mice with asthma died following its administration in the present study. Utilizing this safe dose of SIN, the present study demonstrated that models of OVA exposure for 6 weeks induced leukocyte infiltration to the lungs in mice. Additionally, following exposure to OVA, mice displayed greater eosinophil infiltration in the airway compared with mice in the control group, a significant feature of airway inflammation in asthma ([@b28-mmr-13-03-2415]). SIN significantly reduced the size and extent of leukocyte infiltration to the lung, and also reduced the number of eosinophils surrounding airways in the model. These effects were similar to those of mice treated with DEX, suggesting that SIN was able to inhibit eosinophilic inflammation.

Distinctive features of airway remodeling include the thickening of the airway wall, increased smooth muscle mass, goblet cell hyperplasia and mucous gland hypertrophy ([@b29-mmr-13-03-2415]). The experimental model in the present study reproduced several of the features observed in asthmatic patients. It was indicated that OVA-sensitized animals presented eosinophilic inflammation and airway remodeling in lungs, including airway mucus expression, goblet cell hyperplasia, collagen deposition and airway smooth muscle layer thickening. Furthermore, it was observed that treatment with SIN reduced collagen deposition and smooth muscle layer thickening, in addition to mucus hypersecretion in a mouse model. It was demonstrated that SIN has potential as a therapeutic agent for asthma through its anti-remodeling properties. Compared with DEX, SIN has a similar ability to prevent asthma airway remodeling. These observations indicate potential for the use of this small molecular compound in the treatment of asthma airway remodeling.

TGF-β is a profibrotic cytokine important in promoting the structural alterations of airway remodeling, and is highly expressed in asthma ([@b30-mmr-13-03-2415]). It has been demonstrated that airway wall remodeling is closely associated with TGF-β in asthma ([@b27-mmr-13-03-2415],[@b31-mmr-13-03-2415]). CTGF is responsible for modulating the cellular response to TGF-β1, and contributes to airway remodeling and the production of collagen smooth muscle cells ([@b11-mmr-13-03-2415]). The present study demonstrated that OVA-challenge resulted in a significant increase in TGF-β1 and CTGF levels, however, SIN was able to block the TGF-β1 pathway by inhibiting TGF-β1 and CTGF expression. No statistically significant differences between SIN and DEX in TGF-β1 and CTGF expression levels were identified. These observations suggest that the therapeutic action of SIN against OVA-induced asthma may be associated with the inhibition of the TGF-β1 pathway.

Oxidative stress is characterized by the excessive production of reactive oxygen species (ROS) or reactive nitrogen species (RNS) and the imbalance of oxidant/antioxidant response ([@b32-mmr-13-03-2415]). A large number of studies have confirmed that ROS and RNS may lead to airway inflammation and remodeling ([@b33-mmr-13-03-2415]). Excessive ROS and oxidative stress-mediated expression of TGF-β1 promote airway remodeling in asthma ([@b34-mmr-13-03-2415]). TAC is an indicator possessing enzymatic and non-enzymatic properties, allowing it to reflect the antioxidant status ([@b35-mmr-13-03-2415]). MDA is the lipid peroxidation product of a chain reaction of oxygen free radicals, and is involved in amplification of injury by ROS ([@b36-mmr-13-03-2415]). MPO can activate the matrix metalloproteinases and is involved in asthmatic airway remodeling ([@b37-mmr-13-03-2415]). It has been elucidated that increased MDA and MPO levels and reduced levels of TAC are present in the peripheral blood, induced sputum and bronchoalveolar lavage fluid of patients with asthma. These features are closely associated with the severity of asthma ([@b12-mmr-13-03-2415],[@b35-mmr-13-03-2415]). The current study demonstrated that increased levels of TAC and reduced levels of MDA or MPO were observed subsequent to SIN administration, suggesting that SIN may inhibit oxidative stress in asthma. This antioxidant effect of SIN may be associated with the TGF-β1 pathway.

In conclusion, the current study reports that SIN ameliorates airway inflammation and remodeling *in vivo*, which may be associated with an ability to modulate the TGF-β1/CTGF pathway and oxidative stress. These observations support the hypothesis that SIN has therapeutic value for the treatment of asthma.

![Chemical structure of sinomenine. Systematic name, (9α,13α, 14α)-7,8-didehydro-4-hydroxy-3,7-dimethoxy-17-methylmorphinan-6-one; formula, C~19~H~23~NO~4~.](MMR-13-03-2415-g00){#f1-mmr-13-03-2415}

![The alteration of indicators of airway inflammation in the lungs. (A) Eosinophilic inflammation in the lungs. (B) Goblet cell hyperplasia in lung. (C) Score of inflammatory cell infiltration. (D) Score of mucus secretion. Blank control group, non-sensitized and nontreated; model group, sensitized and vehicle-treated; DEX group, sensitized and DEX-treated; SIN groups, sensitized and SIN-treated (25, 50 or 75 mg/kg). ^\#\#^P\<0.01 vs. the control group; ^\*\*^P\<0.01 and ^\*^P\<0.05 vs. the model group; ^Δ^P\<0.05 and ^ΔΔ^P\<0.01 vs. the DEX group. The data are presented as the mean ± standard deviation. DEX, dexamethasone; SIN, sinomenine.](MMR-13-03-2415-g01){#f2-mmr-13-03-2415}

![Alteration of indicators of airway remodeling. (A) Smooth muscle thickness of lung tissues. (B) Collagen deposition in the lungs. Blank control group, non-sensitized and nontreated; model group, sensitized and vehicle-treated; DEX group, sensitized and DEX-treated; SIN groups, sensitized and SIN-treated (25, 50 and 75 mg/kg). All results are presented as the mean ± standard deviation. ^\#\#^P\<0.01 vs. the control group; ^\*\*^P\<0.01 or ^\*^P\<0.05 vs. the model group; ^ΔΔ^P\<0.01 or ^Δ^P\<0.05 vs. the DEX group. DEX, dexamethasone; SIN, sinomenine.](MMR-13-03-2415-g02){#f3-mmr-13-03-2415}

![The levels of mRNA and protein of TGF-β1 and CTGF in the lungs. (A) Relative expression of TGF-β1 and CTGF mRNA. (B) Expression of TGF-β1 and CTGF protein in the lungs. Blank control group, non-sensitized and nontreated; model group, sensitized and vehicle-treated; DEX group, sensitized and DEX-treated; SIN groups, sensitized and SIN-treated (25, 50 and 75 mg/kg). All results are presented as the mean ± standard deviation. ^\#\#^P\<0.01 vs. the control group; ^\*\*^P\<0.01 or ^\*^P\<0.05 vs. the model group; ^ΔΔ^P\<0.01 or ^Δ^P\<0.05 vs. the DEX group. TGF-β1, transforming growth factor-β1; CTGF, connective tissue growth factor; DEX, dexamethasone; SIN, sinomenine.](MMR-13-03-2415-g03){#f4-mmr-13-03-2415}

![Sinomenine treatment reduced TGF-β1 expression in lung tissue from ovalbumin-challenged mice. Positive staining is depicted in brown and the nuclei are stained blue. Positive staining highlighted TGF-β1 expression in the epithelium, macrophages, leukocytes and smooth muscle. (A) Control group; (B) model group; (C) dexamethasone group; (D) 25 mg/kg sinomenine group; (E) 50 mg/kg sinomenine group; (F) 75 mg/kg sinomenine group. TGF-β1, transforming growth factor-β1.](MMR-13-03-2415-g04){#f5-mmr-13-03-2415}

![Sinomenine treatment reduced CTGF expression in lung tissue from ovalbumin-challenged mice. Positive staining is depicted in brown and nuclei are stained blue. Positive staining highlighted CTGF expression in the epithelium, macrophages, leukocytes and smooth muscle. (A) Control group; (B) model group; (C) dexamethasone group; (D) 25 mg/kg sinomenine group; (E) 50 mg/kg sinomenine group; (F) 75 mg/kg sinomenine group. CTGF, connective tissue growth factor.](MMR-13-03-2415-g05){#f6-mmr-13-03-2415}

![Alterations in levels of of oxidative stress indicators in the lungs. (A) Total antioxidant capacity, (B) malondialdehyde and (C) myeloperoxidase levels. Blank control group, non-sensitized and nontreated; model group, sensitized and vehicle-treated; DEX group, sensitized and DEX treated; SIN groups, sensitized and SIN-treated (25, 50 or 75 mg/kg). All results are presented as the mean ± standard deviation. ^\#\#^P\<0.01 vs. the control group; ^\*\*^P\<0.01 or ^\*^P\<0.05 vs. the model group; ^ΔΔ^P\<0.01 vs. the DEX group. DEX, dexamethasone; SIN, sinomenine.](MMR-13-03-2415-g06){#f7-mmr-13-03-2415}
